The stability of typical rotating fluid machinery such as single ahd multi-stage pumps is evaluated by using the finite element method. The individual contribution of the impellers, bearings and seals to the stability and the dynamic interactions of these fluid elements are examined. Various types of bearings and seals, such as annular smooth, parallel grooved and damper seals, are compared for better rotor stability. The effect of the operating conditions on the stability is also investigated. The results show that rotor stability can be easily improved by replacing the unstable fluid elements.
INTRODUCTION
n recent years, the operating conditions ofrotating fluid machinery tend towards higher speed and higher pressure along with the rapid progress made in the technology in industry and space development. In order to raise the efficiency and prevent leakage flow at high pressure, the clearance of fluid elements such as bearings, noncontacting seals, and impellers has to be designed possibly smaller. However, with higher pressure, higher speed, and smaller clearance, greater fluid forces occur and sometimes these forces cause unstable vibration.
To prevent such unstable vibration, firstly the dynamic characteristics of these fluid elements and their individual contribution to rotor stability must be made clear. Work is being done, and many results have been obtained by various researchers, [1] , [2] , [4]-[8] , [10] , [11] . Secondly, the combined effect of these fluid elements on rotor stability and their interaction must be investigated. Yang et al. 1985 ] investigated the effect of annular smooth and taper seals on the stability of the single-stage pump rotor system. Diewald et al. [1987] showed a procedure to investigate the effect of annular smooth and grooved seals and impellers on the stability of the Jeffcott rotor and the multi-stage pump rotor system. These researches show that the rotor stability is strongly affected by the fluid elements, and the contribution of these elements to rotor stability varies according to the operating conditions.
In this paper, continuing the research of Yang et al. [1985] , the stability of typical rotating fluid machinery such as the single-stage and multi-stage pumps, which consist of impellers, bearings, and non-contacting seals, are evaluated by using the finite element method. The individual contribution of the impellers, bearings as well as seals to the stability, and the dynamic interactions of these fluid elements are investigated. The contribution to the rotor stability is evaluated by the logarithmic decrement. For the linear and non-cross-coupled inertia rotor system, the total logarithmic decrement of the rotor system can be represented as the sum of the individual decrements. Therefore, the stability of the rotor system can be easily improved by changing the unstable fluid elements in the design stage. In the investigation, some types of bearings and seals such as annular smooth, parallel grooved and damper seals are compared to seek better ones for the rotor stability. The effect of the operating conditions on stability is also studied. (7) then eq. (6) yields
EQUATIONS
where ,k and {} are the eigenvalue and eigenvector, respectively. They can be obtained by solving eq. (8).
In general, the eigenvalues are conjugate complex, and expressed in the following form:
where means th natural mode. The logarithmic decrement of the rotor system is defined as
In order to investigate the effects of the fluid elements on the rotor stability, the logarithmic decrements, of the fluid elements have to be determined. These logarithmic decrements can be obtained by the eigenvalue and eigenvector through the following transformation (Kurohashi et al. [1982] . 
Because the unsymmetric mass Ami is caused by the impellers and seals, and it is usually much smaller than the symmetric mass m, it is ignored here. Substituting eq. (9) into eq. (14) From the point of view of energy, the rotor system is releasing energy to the outside so that the system tends to stabilize with the lapse of time, if the logarithmic decrement is positive; while, if the logarithmic decrement is negative, the rotor system is absorbing energy from the outside so that the system enlarges the amplitude and tends to unstablize with the lapse of time (Kurohashi et al. [1982] ). Figure 4 shows the logarithmic decrements of the bearings, seals, impellers and the total rotor systems. For this natural mode, the contribution of the impeller to the stability is very small. The logarithmic decrements of the seals are positive, which means the stable effect on the rotor stability, but the logarithmic decrements of the bearings are almost negative, which means an unstable effect on the rotor stability.
The logarithmic decrements of the rotor systems with smooth, damper and parallel grooved seals are shown in Figure 5 . The results show that the logarithmic decrements ofrotor systems with smooth and damper seals are similar, and the stability of these systems are better than that of rotor systems with parallel grooved seals. In actual machinery, investigation of rotor stability with a specific rotating speeds or in a specific rotating region is usually necessary. The logarithmic decrements of rotor systems with different seals at specific rotating speed N/oo 1 are shown in Figure 6 , where the mode shape of the rotor system is shown, too. These results are drawn in the form of bar graphs for the convenience of clarity. From these results the contribution of every fluid element to rotor stability can be immediately recognized. The rotor stability can be improved by replacing the unstable elements with stable elements. This will be discussed in next section. The influence of preswirl velocity Vt in seals on rotor stability is investigated, and the results are shown in Figure 7 . This figure shows that positive preswirl velocity exerts an unstable influence on rotor stability; while negative preswirl velocity exerts a stable influence on rotor stability. This result is in agreement with the individual research of seals (see ]; ; 1990]).
Stability of Multi-stage Pumps
The specification of multi-stage pumps is illustrated in Table II . The logarithmic decrements of rotor systems and fluid elements at N w0 19671.6 rpm are studied and shown in Figure 8 , where the mode shapes of rotor systems are shown, too. In the investigation, some of seals or bearings are changed in order to improve rotor stability and find the interactions of these fluid elements.
In the case of (a), five parallel grooved seals are used in the rotor system. The total logarithmic decrement shows a negative value because of the unstable effects of the seals and the bearings. If the parallel grooved seal is replaced by a damper seal, the rotor system becomes stable (b). Furthermore, by replacing all the grooved seals with damper seals, the rotor system becomes more stable (c). It is found that after the replacement of the seals, not only the logarithmic decrements of the seals but also those of the bearings are changed. shown in (d), the rotor stability can also be improved. In this case, the logarithmic decrements of the seals are also changed. It is considered that the interactive variation of the fluid elements is caused by the variation of the natural mode, because the logarithmic decrement is dependent on the natural mode, which has been demonstrated in the previous section. According to the above discussion, the interaction of other elements must be considered when evaluating the effect of the fluid element on rotor stability.
CONCLUSION
The present analysis supports the following conclusions:
1. In rotating fluid machinery, the investigation of the 
